The pituitary adenylate cyclase-activating polypeptide (PACAP) and brain-derived neurotrophic factor (BDNF) neurons have recently been established as markers of the ventromedial hypothalamic nucleus (VMH). However, their neural projections from the VMH remained unknown. We examined whether PACAP and BDNF neurons in theVMH connected to the mesencephalic central gray (MCG), using the combination of in-situ hybridization and 
Introduction
The ventromedial hypothalamic nucleus (VMH) is related to various autonomic functions such as glucose metabolism, adiposity, thermogenesis, salt and water balance and instinct behaviors such as feeding, locomotor and sexual behaviors [1] . This suggests that VMH may be composed of several distinct subpopulations of neurons, similar to the situation characterized in the arcuate nucleus. How the specific subpopulation of neurons links to the specific function of the VMH, however, has remained little understood. It might be at least partly because of the fact that few specific markers for VMH neurons had been available [2] . Recent studies, employing the modern technology of molecular biology, have demonstrated several markers for the VMH, which include pituitary adenylate cyclaseactivating polypeptide (PACAP) and brain-derived neurotrophic factor (BDNF) [1, 3] . As to the neural connection, a previous study using anterograde tracer indicated that the fibers from the VMH were widespread [4] , including those terminating on the mesencephalic central gray (MCG) and the bed nucleus of the stria terminalis [4, 5] . It is well known that the projection from the VMH to the MCG plays an important role in female sexual behavior [6] , although this pathway may also be related to other autonomic functions [7] . Here we examined whether the neurons expressing the mRNAs for PACAP and/or BDNF in the VMH project to the MCG, by combining in-situ hybridization of these peptides and immunohistochemical tracing of Fluorogold (FG) injected into the MCG.
Methods
Male Wistar rats (200-250 g body weight) were purchased from Japan SLC (Shizuoka, Japan). The rats were housed under a controlled temperature (261C) and photoperiod (12L:12D). The rats received pellet-type food (CE-2, Japan CLEA, Tokyo, Japan) and tap water ad libitum. The animal protocols were in accordance with the Japanese Physiological Society's guidelines for animal care.
Four male rats were anesthetized with Avertin (200 mg/ kg, intraperitoneal). In a stereotaxic frame, a 23-gauge stainless steel guide cannula was inserted into the brain with the tip in the MCG, and secured to the skull with screws and cement. The cannula tip was located at 6.5 mm caudal to the bregma and 3.5 mm below the skull. After surgery, the rats were allowed to recuperate for 5-7 days. For injecting FG (hydroxystilbamidine, Biotium Inc., Hayward, California, USA), the internal cannula was inserted into the guide cannula, and 1 ml of 10% FG solution dissolved with distilled water was injected for 5 min under Avertin anesthesia. The site of injection for each animal was confirmed by immunoperoxidase histochemistry described previously [8] or immunofluorescence histochemistry described below.
Five days after injection, rats were perfused transcardially with 4% formaldehyde in 0.05 M phosphate buffer (PB) under urethane anesthesia. Brains were postfixed in the same solution used for perfusion for 16-18 h, cryoprotected with 30% sucrose in 0.05 M PB and sectioned coronally at 40-mm thickness with a freezing microtome, and the sections were collected at every 160-mm interval. A quarter of brains were used for PACAP and BDNF. Prior to this study, one of the authors (F.M.) had been trained to obtain the slices covering the middle region of VMH in rostrocaudal axis (from 2.3 to 3.6 mm caudal to the bregma) using a rat brain map [9] assisted by the histological shapes among paraventricular nucleus, third ventricle and hippocampus, and therefore we could obtain them without the assistance of Nissl staining in the present study. For this experiment, we used three to five slices for staining each gene in each rat and the slices suspected of failure of the VMH were not used. Frozen sections were hybridized with digoxigeninlabeled antisense RNA probe against rat mRNA sequence of PACAP (positions 486-1091, GenBank no NM016989) or BDNF (positions 244-1000, GenBank no NM012513) according to the free-floating method described previously [10] . Visualization of PACAP and BDNF mRNAs was conducted with alkaline phosphatase-conjugated anti-digoxigenin antibody using 4-nitrobluetetrazolium and 5-bromo-4-chloro-3-indolyl phosphate. To detect FG, sections were incubated with: (1) 0.6% H 2 O 2 -0.05 M PBS for 30 min, (2) 5% normal horse serum (NHS)-0.5% Triton X-0.05 M PBS for 30 min, (3) rabbit anti-FG (1:1000, Chemicon, Temecula, California, USA) containing 5% NHS-0.5% Triton X-0.05 M PBS overnight at room temperature, and (4) Alexa-Fluor 488-conjugated goat anti-rabbit IgG (1:200, Invitrogen, Carlsbad, California, USA) containing 5% NHS-0.5% Triton X-0.05 M PBS for 2 h. Sections were rinsed in 0.05 M PBS three times after each step except between steps 2 and 3. Sections were mounted on glass slides and covered with 90% glycerol-0.05 M PBS. For a comparison of distribution between mRNA and protein, BDNF immunohistochemistry was performed. Forty-eight hours after the colchicine (100 mg/ 10 ml in distilled water) injection into the third ventricle, rats were perfused transcardinally with 2% formaldehyde in 0.05 M PB and brains were postfixed in the same solution used for perfusion for 2 h. We used the antibody against human BDNF (1:100, Promega, Madison, Wisconsin, USA) as a primarily antibody, while other protocols were same as described above.
In-situ hybridization-positive cells were examined under bright-field illumination and digital images of VMH (2776 Â 2074 pixels, 0.13 mm 2 ) were captured. The images of three subdivisions, dorsomedial, central and ventralateral parts, as defined by Paxinos and Watson [9] , were taken from each slice, and all images were integrated for each rat. FG-positive cells were examined under blue excitation for Alexa-Fluor 488 and ultraviolet for intrinsic fluorescence of FG. Both images were captured in the same frame as those under bright-field illumination. Images taken under different light were superimposed using Adobe Photoshop 6.0 (Adobe Systems, San Jose, California, USA) and analyzed. Double-labeled or single-labeled cells were counted manually. For PACAP and BDNF, 3-13 and 7-12 images for each animal were examined, and the total numbers of cells examined were 2328 and 3732, respectively. The median of number of cells and the median of percentage doublestained or single-stained cells in each animal were calculated. Data are expressed as median and 95% confidence limits (CL) and Mann-Whitney U-test was employed in Tables 1 and 2 . Po0.05 was considered significant.
Results
Following injection of FG in the MCG, the FG-positive cells (Fig. 1b, c, e and f, Fig. 2b and c) and the cells positive for PACAP mRNA (Fig. 1a and d ) and for BDNF mRNA ( Fig. 2a  and 3b) were found in the VMH. The distribution of retrogradely labeled cells in the VMH after FG injection into the MCG was similar to that published previously [8] . The cells positive for both mRNA and FG (red arrowheads), mRNA-positive/FG-negative cells (black arrowheads), and mRNA-negative/FG-positive cells (yellow arrowheads) were found. The representative images for PACAP mRNA (Fig. 1d-f ) and BDNF mRNA (Fig. 2a-c (Table 2) , showing a remarkably high coincidence of these two populations. By contrast, only 6% of FG-positive cells were BDNF mRNA-positive and 19% of BDNF mRNA-positive cells were FG-positive (Table 2) . Thus, the frequency of FG/PACAP mRNA double-positive cells was significantly higher than that of FG/BDNF mRNA double-positive cells (Po0.05, Table 2 ).
To verify the BDNF mRNA in-situ hybridization, the distributions of BDNF mRNA-positive cells and BDNF protein-positive cells were compared. They were localized in a similar pattern (Fig. 3) . To check the site of injection, immunohistochemistry was performed. The FG injection site was observed specifically in the dorsal and lateral MCG at levels between the anterior end of the medial longitudinal fasciculus and the posterior end of the deep mesencephalic nucleus (from 5.2 to 8.0 mm caudal from bregma) (data not shown). Although the injection site in rostrocaudal axis somewhat varied between individuals, it covered the anterior part (from 5.6 to 6.7 mm caudal from bregma) in all rats. 
Discussion
The recent studies using transgenic and/or knockout mice indicate that Ad4 binding protein (Ad4BP)/Steroidogenic factor-1 (SF-1), an orphan nuclear receptor, plays an important role in the embryonic development of the VMH [11, 12] . Although the downstream of Ad4BP/SF-1 has not been elucidated yet, it was reported that Ad4BP/SF-1 is required for the BDNF expression in the VMH because Ad4BP/SF-1-deficiency decreases the expression of BDNF [3] . On the other hand, Ad4BP/SF-1 seems to negatively regulate the gene expression of PACAP in the VMH, because the green fluorescence protein-sorted cells of the VMH from the mice cross-bred Ad4BP/SF-1 green fluorescence protein-transgenic line with SF-1-deficient line exhibited higher PACAP mRNA level [1] . From these reports we hypothesized that BDNF and PACAP neurons located in the VMH are regulated distinctly. In our experiment, a difference was observed between projections of PACAP and BDNF neurons of the VMH: 49% of PACAP neurons and, by contrast, only 19% of BDNF neurons of the VMH projected to the MCG. The results indicate that a major target of PACAP neurons of the VMH is the MCG, whereas that of BDNF neurons of the VMH remains uncertain at present. Together with the reported localization of the receptors for PACAP (PAC1, VPAC1, VPAC2) in the MCG [13] , our data suggest that PACAP may function in the MCG. Physiological significance of the projection of the VMH PACAP neurons to the MCG remains to be investigated.
Conclusion
Our study employing the combination of retrograde tracer injection and in-situ hybridization indicated that 49% of PACAP neurons of VMH project to the MCG in male rats.
On the other hand, only 19% of BDNF neurons of VMH project to the MCG. The massive PACAP projection from VMH could have roles in regulating the function of the MCG. Fig. 3 Distributions of brain-derived neurotrophic factor-immunoreactive cells (a) and in-situ hybridization-positive cells (b) in the ventromedial hypothalamic nucleus. Scale bar¼500 mm.
